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Molecular hydrogen w a s  excited by selective ab- 

sorpt ion of ulkraviolet  radiat ion of appropriate 

wavelength i n t o  the  vibrat ional  levels v' =3, 

4, and 5 of t h e  elsckronic D ( u) -state. For 

the  radiat ion bandwidth chosen the  molecule w a s  

only fom&k3 i n  t he  ro ta t iona l  levels J = 1 and 

2 of the  R-branch, The  excited mdecules decay 

by predissociation in to  two hydrogen atoms of 

t r a n s l a t i o n a l  energy which is equal t o  one half  

of t h e  difference bstwaen t h e  exci ta t ion and dis-  

sQciation energies, One of t he  atoms is formed 

i n  the  f i r s t  excited state. The  formation of 

t h e  excited speeies can be proven by its f l u s -  

rescenoo ( -radiation) . 

1 

A s  a r e s u l t  the measurements show, t h a t  t h e  

excited atoms are a l l  i n  t h e  metastable 2s-state 
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and not i n  the short-lived D-state, Without 

electric f i e l d s  these metastable atoms loose their  

exc i ta t ion  anergy i n  co l l i s ion  w i t h  the surrounding 

hydrogen moleculesa One? pa r t  (a> f o l l o w s  an in- 

ed t r ans i t i on  t o  the electronic  ground state! 

by the emission of Lya -radiation (12168) 

other p a r t  (b) is transformed t o  products o r  under- 

goes an energy t ransfer  process withaut emitting 

Lyd -radiation e 

If a quenching f i e l d  i s  applied spontaneous 

emission w i l l  cumpsCe w i t h  c o l l i s i o n a l  deacti- 

vation, w h i c h  allows the deactivation crass sec- 

t i o n s  t o  be calcuPated, These cr sect ions are  

between 50 and 100 A (a) and ab 50 A i n  case 

(b) .) I n  case?. (a) the l l i s i o n  crass section in- 

creases ' . w i t h  the velocity of the particles where- 

as i n  ease (b) a constant value w a s  

t h e  

02 02 

T h e  investigatfen of the fine-structure of the hydrogen 

atom i n  the state n=2 by 

led about twenty years ago t o  the discovery of the Lamb-shi f t .  

T h i s  and subsequent experiments w e r e  aimed a t  measuring the 

s of high-frequency spectroscopy 
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level  differences t 

agrees w i t h  these measurements very 
1/2 The  metastable s t a t e  2s 

w e l l  s ince a t r ans i t i on  t o  these two P-states is permit ted 

by l i g h t  radiat ion.  The probabi l i ty  of spontaneous t ransi-  

t i o n s  is very small, however, because of the small l eve l  spa- 

cing. Under su i tab le  conditions induced t rans i t ions  can be 

brought about. I n  order t o  avoid co l l i s ion  processes w h i c h  

can lead t o  a change i n  the occupation density i n  t h e  ob- 

served atomic s t a t e s ,  the experiments w e r e  ca r r ied  out w i t h  

atomic beams. 

I n  order t o  study the r eac t ab i l i t y  of excited H-atoms, 

however, co l l i s ion  experiments must be car r ied  out. T h i s  can 

be done w i t h  %he metrhud of crossed molecular beams - t h i s  pro- 

cedure can be used, because of the  necessary distance between 

place of origen and place of reaction, only for  metastable or  

highly excited atoms which possess a long l i f e  - 8 or  photo- 

chemical experiments can be performed i n  which, on the  basis  

of ra ther  high p a r t i c l e  density, co l l i s ions  a r e  possible w i t h i n  

the l i f e  o f  even short-lived, excited par t ic les .  

1.1 
W, E, Lamb, Jr, u. R. C ,  Retherford, Phys, Rev. 79, 549 

- R. T. Robiscoe, Phys. Rev, 138, A22 /. T .  Robiscoe 

u. B. L, Cosens, Phys, Rev, L e t ,  17 ,  69 
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Recently from t h e  f i e l d  of spectroscopic study, a fur ther  

method of invest igat ing the  reactiv$.ty of especial ly  metastable 

hydrogen atoms was found, By t h e  absorption of u l t r av io l e t  
2 4 

B l i g h t  i n  the radiat ion bandwidths of the  S ( I  u)-s ta te  of t h e  

hydrogen molecule, the molecule i s  dissociated predominately 

above the l i m i t  of ionization. With t h i s  dissociat ion ex- 

c i t ed  hydrogen atoms are produced, The behavior of the  exci- 

t ed  atoms can be observed by measuring t h e i r  fluorescence 

(Ly4 - radiat ion)  . 
The photo dissociat ion a t  t he  dissociat ion l i m i t  is ex- 

plained as a pre-dissociation of t he  D-X (3.0) levels ,  

Namioka assumed the  following scheme of &ecayt 
3 . )  

Most recent ly  t h e  photo-ionization of hydrogen has also under- 

gone a renewed investigation. While Bsutler and Janger cal- 
4, )  

eulated t h e  ionizat ion l i m i t  from t h e  auto-ionization of the 

2 4 
F. J. C o m e s  u. H. 0 ,  Wellern, Z, Naturforsch, 23a 881 

F. 3, Comes, B. Schmitz, H.O.. Wellern u, Ut,-Xenn&ng, ~ e r -  

Bunsenges ,Phys e Chem, 72 986 

3 4  
T, Namioka, J. Chem, Phys, 41, 2141 1964; ibid-43. 1436 

4 4  
H. Beutler u,  H .0 ,  Jflnger, Z ,  Phys, 100, 80 
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higher ro t a t iona l  levels  of the D-X (6-0) band, Chupka i n  

par t icular  was able t o  show t h a t  the ro ta t ion  level  R (  1) of 

t h i s  band leads t o  ionizat ion,  Thus a new value r e s u l -  
5 4  

ted for  the ionization potent ia l ,  

of Chupka and from our own measurements, which were car r ied  

Both from the measurements 
6,) 

4 out w i t h  the reso lvabi l i ty  of 10 , it is c lear  t h a t  i n  

the v i c i n i t y  of the ionization l i m i t ,  t h e  formation of ions 

takes place mainly through auto-ionization from the highly 

excited neutral  s t a t e s  and not through a d i r e c t  t r ans i t i on  

from the ground s t a t e  i n to  the ionizat ion contiuum. 

The hydrogen atoms which w e r e  excited by t h e  photodissocia- 

t i on  are found i n  the metastable s t a t e ,  as  w i l l  be demonstrated 

i n  the course of t h i s  work, The hydrogen atoms have a k ine t ic  

energy which equals half  the difference between the  molecular 

exci ta t ion and the  dissociat ion energy of the B 

Since the l a t t e r  is known w i t h  exactness and the former can 

be found from measurements, the k ine t ic  energy of t he  hydrogen 

atoms can be calculated,  Therefore, through the absopption of 

u l t r av io l e t  l i g h t  i n  the well-known D-bands of the hydrogen 

molecule, "hot" hydrogen atoms w i t h  definable k ine t ic  energy 

can be produced. I n  an e a r l i e r  work w e  w e r e  able  t o  show t h a t  

these atoms, a t  least i n  par t ,  a r e  i n  t h e  metastable 2s-state. 

Col l is ion processes w i t h  atoms i n  the ground state as  w e l l  as 

5 4 
W e  A ,  Chupka u ,  J, Berkowitz, J, Chern, Phys, 48 5726 

6.) 
F. J. Comes B, Schmitz, Z .  Naturforsch ( I n  Vor- 
bereitung) e 
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i n  excited s t a t e s  are of great  interest  t o  

They a re  a l so  of s ignif icance i n  the discussion of processes 

i n  the higher atmosphere of our ear th  and the atmospheres of 

other planets  e 

react ion k ine t i c s ,  

T h e  present paper deals w i t h  the or igin of metastable 

hydrogen atoms through photo-dissociation and their deactiva- 

t i on  i n  co l l i s ion  processes, Through the choice of the exci- 

t a t ion  energy and the application of a homogeneous e l e c t r i c a l  

f i e l d  i n  the co l l i s ion  region, t h e  k i n e t i c  energy and the 

l i fe  span of the metastable hydrogen atoms can be predicted 

exactly and can be changed commensurably, Thus, from the 

experiments both the branching r a t i o  during the dissociat ion 

in to  the atomic s t a t e s  2s and 2P and the average impulse and 

its energy outbut for  the processes 

H ( 2 S )  -E H 2 + H  (1s) + €32 + hp (LYd) 

H (2s) + H2 Products without emission of Ly4 ( 3 )  

.(2) 

and 

can be calculated,  

Experiment 

For t h e  measurement of hydrogen absczrption and a t o m  

fluorescence, an apparatus was used w h i c h  i n  pr inciple  has 

been described elsewhere e Also, I n  the present experi- 
2,) 

ments the Hopfield continuum was used t o  exc i te  the hydrogen 

spectrum, The e n t i r e  apparatus has, however, been grea t ly  



improved, the r e s u l t  of 

Through the improvement 

a f fec t ive  cross  sect ion 
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w h i c h  is considerably greater  s ens i t i v i ty ,  

of the monochromator adjustment, the 

of absorption and the photoionization 

of the hydrogen molecule could be measured with a resolving 

factor of 10 . The  increase i n  signal-noise re la t ionship 4 

detector increased the detection s e n s i t i v i t y  by m a r e  

than an order of magnitude over the e a r l i e r  system, Thus it 

w a s  possible t o  determine from the e a d i a t i u n  the competi- 

t i o n  between co l l i s ions  of the  metastable atoms w i t h  H2-mole- 

cules and their  spontaneous emission- T h e  high reso lvabi l i ty  

was at ta ined by a measurement i n  the t h i r d  o r of the light-  

source spectrum, which was produced by a gr id  w i t h  1200 l ines/= 

and a 1 m radius.  T h e  ape r tu re  widths a t  entrance and e x i t  

of the monocromator w e r e  184. 

The u l t r av io l e t  in tens i ty  a t  the e x i t  aperture w a s  i n  

the order of lo6 quanta 

form measurements w h i l e  using th i s  small l i g h t  intensi ty ,  the 

l i g h t  source w a s  s t ab i l i zed  electronical ly ,  That not only 

resul ted i n  a very high emission s t a b i l i t y  b u t  it a l so  lowered 

considexcah.ly the measurable e l e c t r i c a l  disturbance. 

c a u s e  of t h e  high s t a b i l i t y  of the primary s t i m u l u s  w e r e  we 

able t o  different ia te  commensurably w e l l  between fluorescence 

s ignals  of less than 10 impulses per minute  and the background 

s ignals  (1-2 impulses per minute,) T h e  i m a l  impulse rate 

per sec, I n  order t o  be able  t o  psr- 

Only be- 
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a t  the  input of the counter equalled 10  impulses per second. 

Figure 1 shows the block diagram of the l i gh t  source re- 

gulator ,  By means of an impulse generator, a thyratron c i r -  

c u i t  is act ivated which regulates  t h e  charging and discharging 

of the condensor (3000 p F)  lying pa ra l l e l  t o  the l i g h t  source. 

In  t h i s  way the t i m e  of discharge and the repe t i t ion  frequen- 

cy could be control led exactly,  W i t h  a maximum voltage of 6kV, 

the l i g h t  source is  usually operated a t  a frequency of 15 kc, 

i n  order t o  keep the acoustic s ignal  out of the range of 

normal hearing. 

(Diagram) 

Impulse Igni t ion impulse Quenching impulse 
genera t u r  

B i - s  table Impulse Thyratron H e l i u m  
multivibrator Transformer exci ter  l i g h t  

un i t  source 

Figure P, Block diagram of the l i g h t  source regulator ,  

T h e  l i gh t  s ignals  from the f luorscent  chamber w e r e  ob- 

served ve r t i ca l ly  t o  the primary l i gh t  direct ion.  As 

tar an open Bendix searsndary electron mult ipl ier  w i t h  a tungsten 

cathode and a L i  F window as  short wave f i l t e r  w e r e  used. Thus 

the l i m i t  of measurement w a s  kept within a wave length in te rva l  

of 1050-1500 g. By using a Ca F window, t h e  in te rva l  could 

be narrowed to  1230-1500 A so that  the  La- rad ia t ion  w a s  su- 
2 

4 

pressed. Although no further f i l ters ,  as for example a 02- 

absorption space, w e r e  used i n  connection w i t h  the  u s u a l  mea-  

suring devicesJ the l i g h t  emission could be ident i f ied posi t ively 



as zy,-radiation. The  measuring method for t h i s  is  discussed 

i n  the next chapter,  

T h e  pressure determination of hydrogen i n  the measuring 

chamber w a s  done w i t h  a MeLeod manometer, For the ambient sur- 

veilance of pressure s t a b i l i t y ,  a thermoelectric vacuum m e t e r  

w a s  used. W i t h  an ionization manometer the residue gas pres- 

s u r e  i n  the apparatus without hydrogen could be checked. T h e  

H2-pressure lay  between 8 and 30 x lom3 Torr, 

Makinq the Measurements 

T h e  measuring chamber is  so constructed tha t  e f f ec t ive  

cross sect ion of absorption, ionization and fluorescence can 

be observed simultaneously. Actually, only two values w e r e  

measured a t  the s a m e  t i m e ,  either those of absorption and 

ionization or those of ab ption and fluorescence. The  

coupling of ion measurement, or ,  as  the ca might be, f l U 0 -  

rescence measurement w i t h  the measurement of absorption served 

t o  produce an exact spectral arrangement of the individual 

measurements. I n  the following, however, only the measurements 

of fluorescence are discussed, A discussion of the measured 

absorption and ionization cross section w i l l  take place later, 
6) 

While the absorption, I&, the  ionization cross sections,  w e r e  

obtained f o r  the exact ident i f ica t ion  of the molecular states 

w i t h  a l i n e  width of 0-0 , the atomic fluorescence, f o r  rea- 

8 sons of intensi ty ,  was obtained w i t h  a l i n e  w i d t h  of 0,2A, 

According t o  information i n  the highly-resolved absorption 
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spectrum, the individual vibrat ion s t a t e s  of the D-band can be 

excited a t  t h i s  resolut ion individually.  However, the rota- 

t i on  levels  J=l and J=2 are act ivated simultaneously. A t  

room temperature the ground state for  J=l is saturated.  

Since predissociation begins i n  the t h i r d  and ionization be- 

g i n s  i n  the s ix th  vibrat ion bands, the fluorescence observa- 

t ions w e r e  made primarily i n  t h e  vibrat ional  bands v '  = 3, 

4, and 5 ,  T h e  k ine t ic  energy of the H-atoms from the disso- 

c ia t ion  process w i t h  absorption i n  t he  three bands is i n  each 

case Q.052 eV,  0.167 e V  and 0.272 eV,  

T h e  measured values for  atomic f luoiescence, w h i c h  l i e  as 

the  basis of this  work, a r e  the r e s u l t s  of numerical measure- 

ments. The individual value is  the numerical rate per minute 

calculated for  a period of 2-5 minutes .  The  f i n a l  values 

upon w h i c h  the l a t e r  measurement curves are based, are average 

values taken from a large number of individual measurements. 

In  order t o  u t i l i z e  the counting periods of the given quan- 

t i t y  effect ively,  the var ia t ion i n  l i g h t  source emission 

must be smaller than &he s t a t i s t i c a l  error of the measured 

values. These var iae i  w e r e  smaller than 2% per hour, 

T h e  La-,. f rescence of the H-atoms was measured i n  the 

measuring chamber a t  a constant H2-pressure, 

t ab le  H-atoms i n  the e l e c t r i c a l  f i e l d  are quenchable - their 

l i f e  span is  inversely proportional t o  the square of the f i e l d  

S ince  mesta- 
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st rength - through t h e  measurement of the atomic fluorescence 

as  function of f i e l d  strangth,  t h e  impulse deactivation of the 

par t ic les  excited t o  t h e i r  metastable s t a t e  can be investiga- 

ted. W i t h  s u f f i c i en t ly  high f i e l d  s t rength I the co l l i s ion  

of the excited pa r t i c l e s  can be avoided en t i re ly ,  because then 

the par t ic les ,  because of t h e i r  great ly  shortened l i f e  span 

lose their exci ta t ion energy through spontaneous emission. 

Two d i f f e ren t  systems w e r e  used t o  determine the atomic 

fluorescence, I n  the f i r s t  case, the GX-detector was made 

v e r t i c a l  t o  the f i e ld  I direct ion,  i n  the second case, pa ra l l e l  

t o  the direct ion o€ the quenching f i e l d .  W i t h  this,  the  in- 

fluence of the detector f i e l d  on the quenching of the metastable 

atoms could be studied, The f i e l d  was produced betweken two para- 

l l e l  plates ,  e. very transparent gr ids  of su f f i c i en t  dimen- 

sions, so t h a t  i n  the v i c in i ty  of the primary beam a suff ic ient-  

l y  homogeneous f i e l d  could be assured. w i t h  ubservation ver- 

t i c a l  t o  the f i e l d  direct ion,  the  field-dependent increase i n  

measurable radiat ion w a s  s m a l l e r  than i n  the second method of 

observation. T h i s  e f f ec t  could be de f in i t e ly  established t o  be 

quenching by the penetrating m u l t i p l i e r  f i e l d .  Through this,  

even without applied measuring chamber voltage, H-a toms a r e  

qnenched That lessens the possible increase i n  fluorescence 

a t  complete quenching by the  e l e c t r i c a l  f ie ld .  I n  order co 

compensate for  the penetration of the mult ipl ier  f i e ld ,  the  

measuring cell, for  the attainment of maximum r e s u l t s  w i t h  
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observations p a r a l l e l  t o  the f i e l d ,  had t o  be placed under a 

potent ia l  of about 14 volts .  

I t  w a s  essential t o  ident i fy  the measured radiat ion as 

-emission. Even w i t h  earlier measurements it had been 

necessary t o  know t h a t  we  w e r e  dealing w i t h  -radiation 
2 -1  

i n  ccmnection w i t h  the fluorescence of hydrogen when u l t r a -  

v io l e t  l i g h t  i n  the higher vibrat ion levels of the  D-state 

is absorbed. Important evidence was the  value of the measured 

absorption coef f ic ien ts  for  the fluorescence radiat ion through 

molecular oxyden the addi t iv i ty  of ionization and fluore- 
7 4  

scence t o  the t o t a l  absorption i n  the D-bands, the spec t ra l  

p-rogress of absorption and fluorescence i n  the region between 

the ionizat ion and dissociat ion l i m i t  and the quenchability 

of radiat ion i n  the e l e c t r i c a l  f i e l d .  I n  the present  case 
2) 

it can be proved c l e a r l y  t h a t  w i t h  t h i s  radiat ion it is q 

question only of fluorescence of the metastable H-atoms. 

I n  Figure 2 the measured fluorescence is given as a func- 

t i on  of t he  f i e l d  s t rength of the e l e c t r i c a l  quenching f i e l d  

for  t he  absorption i n  the three various vibrat ion levels  of 

the molecular D - s t a t e ,  T h e  in tens i ty  of the radiat ion i s  de- 

pendent upon the f i e l d  s t rength,  w h i c h  is only possible w i t h  

metastable H-atoms. A s  discussed under Discussion of Measurements, 

17.1 
K.D. Beyer u. K , H ,  Welge, 2, Naturforsch 22a, 1161 
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one can show that  an optimal adjustment of the calculated curve 

t o  the measured values is  only then possible when the t o t a l  

radiat ion comes exclusively from metastable a t o m s .  W i t h  the 

observation of fluorescence v e r t i c a l  and pa ra l l e l  t o  the elec- 

t r ica l  f ie ld ,  i n  each case two d i f fe ren t  p l a t e  posit ions w e r e  

used. A f t e r  adjusting the quenching process by means of the 

mal t ip l i s r  f i e l d  for  the observation v e r t i c a l  t o  the f i e ld ,  

one can show t h a t  the two curves coincide by recalculat ing 

the accumbent po ten t ia l  from t h e  f ie ld  s t rength (Fig, 3 ) .  For 

equal values of the f i e l d  s t rength - not the potent ia l  - equal 

effects are created, a s  w e  would expect a ording t o  the theory 

o€ the Stark effect for  hydrogen. Disturbance e f fec ts  cau 
5 

by pa ras i t i c  charged par t ic les ,  as  with photoelectrons, would 

be dependent primarily on potent ia l  a t  these s m a l l  pressures, 

One can show fur ther  that  t he  - radiat ion for  m e d i u m  f i e l d  

s t rengths  (24 volts/cm) w i t h  d i f fe r ing  H -pressures , decreases 

w i t h  the  hydrogen pressure. (Fig. 4.) The s i ze  of this  ef- 

2 

f e c t  resu l t ing  from the co l l i s ion  act ivat ion of the metasta- 

b l e  atoms, can be calculated exactly, as we s h a l l  show, When 

the short  wave l i m i t  of the detector is displaced by the use 

of a Ca Fa w i  i n  place of the L i  F window from 1050 t o  

the  fluorescence s igna l  decreases w i t h  the absorption 

i n  the D-bands below 1% of the normal s ignal .  T h i s  residue 

radiat ion cannot be influenced within the l i m i t  of e r ror  of 
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t h i s  special  measurement (20%) by an e l e c t r i c a l  f i e l d .  

O n  the other hand, before dissociat ion l i m i t ,  the  e f fec t ive  

average far the production of fluorescent radiat ion i n  the 

Ca E2 region (1230-1500 A) is consi&rably Larger, H e r e ,  tuo, 

the rad ia t ian  in tens i ty  is indepen&ent of the existence of 

an e l e c t r i c a l  f i e ld r  T h e  same is  t r u e  for  the  fluorescence 

measured before the dissociat ion l i m i t  i n  the L iF  region 

(1050-1500 3) , 
ever, for the observed radiat ion i n  the Ca F2 region, a f i e l d  

Under cer ta in  experimental conditions, how- 

Fig,  2, Relationship of the Lyd-intensity I (  

as  a function of f i e l d  s t rength,  

Fig.. 3 .  Relationship I ( 

p la t e  distances (+ and 0)  of the quemhing condensor 

as a function of f i e l d  s t rength,  (-) curve calculated 

according t o  equation (15). 

) F/I ( Lyd ) a for  two d i f  Earsnt 

Fig,  4. Relationship I ( L  as a function of 

hydrogen pressure i n  the measuring chamber. ( - )  curve 

calculated according t o  equation (15) * 
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dependency can be measured, Because th i s  can not be a ques- 

-radiation, therefore,  a disturbance effect must  

be the cause. One can show that  t h i s  radiat ion is a r e s u l t  

of the photo-electrons sen t  through the f i e l d ,  The e f f ec t  

disappears completely when g r id  electrodes of high output are 

used as f i e l d  electrodes and when the counter electrode is 

made negative w i t h  respect t o  all l i m i t s  of the measuring 

chamber. 

Discussion of Measurements 

According t o  the previous discussion, i n  the case of the 

observed f luorescence, w e  a r e  dealing w i t h  I,% -radiation 

of the H - a t o m s  w h i c h  a r i s e s  through predissociation (1). The 

hydrogen atoms receive from the  dissociat ion process a de f in i t e  

energy which is superimposed upon the half thermic energy of 

the molecule before the  dissociat ion as addi t ional  k ine t ic  

energy. S ince  under experimental conditions i n  the f ie ld-fsee 

case the l i f e  span of the metastable H-atoms is  long compared 

t o  the t i m e  between two impulses i n  the gas, through observa- 

t i on  of the fluorescence the co l l i s ion  deactivation of the 

exoited pa r t i c l e s  can be measured, I n  addition, a t  f i r s t  a t  

a constant H --pressure, the  Ly~-fluorescence is  measured as  

a function of the f i e l d  s t rength of the quenching f i e l d ,  T h e  

i n t ens i ty  of the radiat ion increases for  decreasing vibrat ion 

2 
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quantum numbers; th is  means, the energy rich atoms are deacti- 

vated the most by co l l i s ions .  The  measured e f fec t  a r i s e s  from 

the f a c t  tha t ,  among other things, co l l i s ion  processes e x i s t  

through w h i c h  metastable H-atQmS are deactivated without 

Ly -emission and thus  disappear from the  t o t a l  miss ion .  T k i s ,  

i n  addition t o  other co l l i s ion  effects, a competition arises 

between co l l i s ion  deactivation without radiat ion and spontan- 

ems miss ion .  By varying the H -pressure or  varying the l i f e  

of the metastable par t ic les ,  t h i s  competition can be changed 

2 

i n  favor of the one or t h e  other effect. 

I n  the f ie ld-free state, t h e  l i f e  of the H(2S)-atoms is 

l i m i t e d  by a two-quantum 

stiaond. 

is  possible through l i g h t  radiat ion,  the  t ransfer  probabi l i ty  

jump i n  the ground s t a t e  t o  1/7 
8,) 

Although the t ransfer  t o  the lower-lying 2P1,2-stats 

is a very small value because of the s m a l l  s i z e  of the Lamb- 

sh i f t .  B e t h e  gives the l i f e  expectancy of t he  pa r t i c l e  w i t h  

respect  t o  t h i s  decomposition as approximately 20 years. The 

&qenera t ion  of the f i n e  s t r u c t u r e  levels, w h i c h  arises when 

%he radiat ion f i e l d  is neglected, is  nu l l i f i ed  only very l i t t l e  

by the Lamb-shift and the f i n e  s t r u c t u r e ,  The wave function 

8 4  
H .  B e t h e  u, E, Salpetar Quantum Mechanics of One and Two- 

Electron Atoms, s .  Flagge ed, Handb, Physik Bd, 35, S * 

372, Springer-Verlag, B e r l i n  1957 
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is grea t ly  affected even by weak external  fields., From the  

pure configuration p f  2s there  arises under the  influence of 

the e l e c t r i c a l  f i e l d  a mixed configuration of portions of 

2s and 2P, For a weak f i e l d ,  i n  which t h e  Stark-effect  

s p l i t t i n g  is very small with respect t o  t h e  Lamb-shift, the  

r e c i p r w a l  l i f e  expectancy of the  metastable s t a t e  can be 

calculated ’by using formula ( 4 ) .  

-1 ec 2 (F)  = -2773 F 

The f i e l d  s t rangth F thereby is t o  be given i n  volt/cm,not 

larger  than ’? (lvolt/cm)- 3*10-4 sec. B y  increasing the  
83 

f i e l d  strength,  the  competition between co l l i s ion  processes 

ntaneous emission can thus be changed i n  favor of the 

emission. Since the l i f e  expectancy can be given for  each 

field-strength value, the cross sect ion for the competing 

co l l i s ion  processes can a l so  be calculated.  I n  addition the 
B 

dependency of t h i s  e f fec t ive  cross  sect ion can be determined 

from the  veloci ty  of the H-atoms when the quenching curve is 

obtained for  pa r t i c l e s  of d i f fe r ing  k ine t i c  enexgy. Since t h e  

impulse probabi l i ty  decreases when the  H -pressure is lowered, 2 

t he  quenchable portion i n  the radiat ion must increase, as 

shown i n  f ig .  4. 

Although, a t  the applied H -pressures i n  t h e  f ie ld- f ree  

state, all metastable E-atoms within their l i f e  span reach a 

co l l i s ion ,  neverthel&ss, according t o  f i g ,  2 according t o  the  

2 
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veloci ty  of t he  par t ic les ,  between 65 and 80% of the  t o t a l  

radiat ion is emitted. For t h i s ,  two processes can come in to  

question, F i r s t ,  it i s  possible t h a t  both metastable H ( 2 S ) -  

atoms and short-lived H (2P) -atoms, arise during prs-dissocia- 

t ion ,  The B-state, from which the decomposition r e s u l t s ,  has 

the  t e r m  symbol 1% :. 
the  divided atoms Sg + S 

symmetry of fe r  no information about which of the two cases, 

or i f  perhaps both cases together, come in to  question for  t he  

B ' - s ta te .  T h e  short-lived H ( 2 P )  -atoms ( T' =1,6 10 sec .) 

would not under our research conditions come t o  a state of 

Such a s t a t e  r e s u l t s  f r o m  t he  s t a t e s  of 

and Sg + Pu, Considerations of 
4 

-9 

col l i s ion  and could therefore  be responsible for  the radiat ion 

a t  zero f i e l d  s t rength.  I n  addition, thq co l l i s ions  with H2- 

molecules a re  known, which lead t o  the  quenching of metastable 

atoms with resu l t ing  Ly&-emission. F i t e  gives for  pa r t i c l e s  

a t  a temperature of about 3000°K an ef fec t ive  cross sect ion 

of i2 for  th i s  co l l i s ion  process. 

According t o  t h e  previous considerations, t he  following 

react ion scheme can be set  up fo r  the or igin and deactivation 

of t h e  excited hydrogen atoms: 
kl 

H2 + h ==p H ( 2 P )  + H (1s) 
P 

H2 + h 25) 4- H ( 1 S )  
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H(2S) i- H2 products without (9) 

H ( 2 S )  i- F H ( 1 S )  + h (10) 

w i t h  the  exception of a state of equilibrium for  the concen- 

t r a t i o n  of the H(2S)-atoms, f r o m  a11 t h i s  we can derive for- 

mula (11) for  the in t ens i ty  of the La- rad ia t ion  t o  be measured. 

1 + k2 

3- (11) 

According t o  the k formula can be 

derived i n  w h i c h  the obvious values i n  the form v 4  appear 
/ 

i n  place of the products k e is the veloci ty  of the 

impinging pa r t i c l e s  and h i s  the mean free distance for the 

observed co l l i s ion ,  Accordingly the probabili ty fo r  t h e  occur- 

ance of the Lyd -emission by co l l i s ions  w i t h  metastable H-a toms 

are the mean free distances f o r  %he co l l i s ions  of the 

kind described by (8) and (9). Since the co l l i s ion  cross  sec= 

t ions  fo r  the processes i n  (8) and (9 )  are larger than the gas- 

k ine t ic  cross  sections,  we  can use the veloci ty  v of the par- 

t icles resu l t ing  from the dissociation. 
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In f i g ,  2 the ordinate scale is  given i n  un i t s  of 

becomes s m a l l  w i t h  respect t o  the expressions 
For = O i l h F  
k' and (k' + k * [H e Thus (11) changes t o  

J 
For the  case of complete quenching of the metastable atoms 

by the  f i e l d  (F 150 volt/cm) we ge t  equation (14) i. 

(F 2 150) = I ( h  1 4- k2) (14) = L u  

Equation (11) described the  t o t a l  LG-radiation produced i n  

the volume measgrad, T h e  measured radiat ion is, however, s t i l l  

d i f fe ren t  from it. The mult ipl ier  sees only a portion P of 

the t o t a l  radiat ion,  In  addition, the detection probabi l i ty  

A of the detector is a function of radiat ion frequency v and 

incident. angle &of the radiat ion,  Furthermore, the atoms 

e m i t  their  radiat ion i n  the e l e c t r i c a l  f i e ld .  A s  a r e s u l t ,  thB 

radiat ion d is t r ibu t ion  becomes anisotropic ). I F  we begin w i t h  

the plausible  assumption t h a t  the radiat ion i n  t h e  f ie ld-free 

case and the radiat ion induced by the co l l i s ion  are isotropic ,  

then a t  a constant  pressure for t h e  radiat ion measured by the 

detector t h i s  expression r e s u l t s  x 

ILyr(F)gem - x 
r 

p a  (@a) I ( h  - -  

4- 4 (15) 

The fac tor  X gives us the var ia t ion from isotropic. For the 
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applied pressure and the geometry of the measuring chamber, 

the  r e s u l t  for  X = 1 - 2  is obtained with f a i r  exactness. 

The anisotropie of t h e  L -radiation emitted from the 

H(2S)-atoms i n  weak electrical f i e l d s  has been measured by 

F i t e  and h i s  coworkers. Thus an e a r l i e r  work by Lichten 

is confirmed which reported an isotropic  d is t r ibu t ion  

10 * )  

11.) 

under the assumption t h a t  only the  2P1,2- s t a t e  par t ic ipates  

i n  t h e  radiat ion.  I t  could be demonstrated tha t  through the  

par t ic ipa tes  up t o  10%. 3/2 
Stark-effect, also, t h e  s ta te  2P 

I n  t h i s  way the  radiat ion leading t o  t h e  ground state is  e m i t -  

ted from both P-states, The expected polar izat ion of the  

radiat ion receives a value of -30% ( the  calculated value i n  

our papert -32.!3%). Of the  anisotropic pa r t  of the  radiat ion,  

the detector observing i n  f i e l d  direct ion sees a smaller por- 

t i on  than with isotropic  dis t r ibut ion.  For an aperture  angle 

of 120°, the var ia t ion for  t h e  given gemoetry of the  measur- 

ing chamber and the  applied H2-pressme has the  value 1/2. 

from both quant i t ies  - polar izat ion and geometry factor  - we 

calculate  the anisotropie factor  X s 1 . 2 .  

10 .) 
W.L. F i t e ,  W.E. Kauppila u1 W.R. O t t ,  Phys. Rev. L e t .  

11,) 
W, Lichten, Phys, Rev. L e t .  6 ,  1 2  



-22- 

Equation (15) w a s  made t h e  basis for  the calculat ions 

of a f fec t ive  cross sect ion for  the deactivating co l l i s ion  

processes. In  addition, program GLSQL of the IBM 7090 Computer 

(I1 M Bonn) was used. T h i s  program made it possible t o  deter- 

mine the  best curve consis tant  with the measured values ac- 

cording t o  the method of the squares of l e a s t  deviations. 

The  procedure includes the veloci ty  constants k and k' and 

the branching r a t i o  V(2P/2S) in to  the atomic levels H ( 2 P )  

and H ( 2 S )  as parameters, The curves f o r  the di f fe ren t  primary 

ve loc i t i e s  of the H-atoms are given i n  f i g ,  2 .  Accordingly 

we  ge t  t h e  values i n  Table 1 for the parameters. 

For the  computation of quant i t ies  k, k' and V(2P/2S) 

the measured values w e r e  used i n  the form 

I L Y 4  (')gem ' I ~ u p t  (''gem 

An e x p l i c i t  statement of the quant i t ies  A (9, 4) and P is, 

therefore ,  not necessary. W i t h  the calculat ion of the aniso- 

tropic factor  it was assumedc t o  be sure, that  the s e n s i t i v i t y  

of khe detector i s  the same f o r  a l l  incident angles 

deviation from the assumption leads t o  a weak dependency of 

the quant i ty  X on A (  1. 

T h e  best f i t  of the measured data is obtained with a l l  

measurement curves for  a separation r a t i o  V=1/80. A 20% por- 

t i o n  of H ( 2 P )  i n  the t o t a l  number of excited atoms is c l ea r ly  

outside the error  of measurement. The qua l i ty  of the f i t  fo r  
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V=1/80 is a f l a t  maximum, Accoxdingly, about  1% of the 

excited pa r t i c l e s  would be i n  the 2P-atate- W e  conclude 

therefore from the experiments that  within t h e  l i m i t s  of error 

w i t h  the predissociation according t o  (l), no short-lived, 

excited H-atoms are formed, T h i s  a l so  indicates  that  the mea-  

sured radiat ion comes exclusively from the Lyd- emission of 

the excited H-atoms,  because each type of radiat ion of ano- 

ther wave length would behave i n  the data  and calculations 

as non-quenchable radiat ion of the H(2P)-atoms. 

K B l s s  and Wolniswicz have made calculations of the 
12.) 

They were able to show I +  first excited H 2 - s t a t e  (I3 2 u) 

k 3 lo9 9 k X31Q 
9 

E x B x 10 
V '  eV c m  c m  c m  c m  @V - hvP 

H-Atom SfJC sec Nolek. 'set Molek, "sac. 

D i s s  14,676 
Grsnze 

3 14.78 0.052 3,27 3*54 2.08 1.7 
4 15.01 0.167 5.68 5.89 3.5 2.48 
5 15.22 0,272 7-26 7.43 6.61 3-53 

Table 1, Values  of energy, veloci ty  and veloci ty  constants for  

H (2s) - a t o m s  from the edissociation of the B-bands v'=3, 4 and 5, 

that the  wave function of the Heitler-London type 1 s t p 

12.) 
W. K o l o s  u. L e  Wolniewicz, J. chem, Phys, 45, 509 
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which the one electron is i n  a ls-atomic o r b i t a l  and the other 

, is of very great  s ignif icance comparatively for  

small and large nuclear  distances.  The overlapping in t eg ra l  

between the exact wave function and the 1 s 2 p - function 

is for  a l l  nuclear distances larger  than that w i t h  the  1 s 

2 p-function. S ince  the  s ta te  B' is orthogonal t o  t h e  B - s t a t e ,  

one can conclude w i t h  approximate correctness from th is  that  

i n  this  case the 1 s 2 s-function assumes t h e  r o l l  of the 

1 s 2 pa.-function of the B-state. I n  the case of the separa- 

ted a t o m s ,  we expect t ha t  for  the Bl-state the atoms are t o  

be found i n  the  IS and 2s s t a t e s  as  is shown a l so  by our 

experiment, In  an analysis of the dissociat ion behavior of 

Tydberg-levels of the hydrogen molecule, this is conf irmesd 

by Mulliken. 
13 .) 

T h e  evaluation of the quenching curves of f i g .  2 

w i t h  the help of equation (15) leads t o  the energy dependency 

o€ the equilibrium constants as  presented i n  f i g ,  5. Listed 

are the! quant i t ies  w h i c h  according t o  equation (16) 

(16) 

represent the effective. cross  sect ion of t h e  processes divided 

13.) 
[R. S. Mulliken, J. Am, Chem,  Soc, 88, 1849 
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by the  p a r t i c l e  veloci ty  vt While the co l l i s ion  i n  the 

region of measurement taking place without 

remains independent of the energy, the e f fec t ive  cross  sec- 

t i on  for  process (8) increa s with increasing pa r t i c l e  velo- 

c i t y  v. The quenching curves not  only for the  absorption of 

the primary radiat ion i n  the osc i l l a t ion  bands v = 3, 4 and 5 

of the D-state w e r e  obtained, but a l so  for  bands v 1  = 6 and 7, 

the two lying above ionization l i m i t ,  The values of the velo- 

c i t y  constants determined for  t h i s  have b n corrected before 

their l i s t i n g  i n  f i g .  5, A comparison of the ionizat ion and 

absorption cross  sect ions shows namely that for  the absorbed 

primary wave=length a t  v' = 6 and 7 a s m a l l  portion of the  

u l t r av io l e t  l i g h t  leads t o  ion-formation of approximately the  

s a m e  intensi ty .  The photo-electrons formed by th i s  photo- 

ionization are accelerated by t h i s  applied q nching f i e l d  

and produce through co l l i s ion  a small addi t ional  

from the quenching curves a re  thus derived t h e  values k and kr 

which are somewhat too large!, They w e r e  therefore  not 

included i n  the t ab le  of values (1). 

curve for  t h e  anergy dependency of k/v and k l /v  for  higher 

energies and f i t  t he  values obtained from the quenching curve 

-radiation 

Lyd-intensity. 

I f  we  extrapolate  the 
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FigL 5. Cross sect ion of the two co l l i s ion  processes (8) 
and (9) a s  function of the mean pa r t i c l e  veloci ty  v. 

for v '  = 6 onto t h i s  Curve, then the  values for  the  e f fec t ive  

cross sect ion for  v '  = 7 l i e  exact ly  on these curves, as 

can be seen i n  f i g .  5, Even though the exact values fo r  the 

co l l i s ion  deactivation of H (2s)  -atoms can not be obtained 

~xperimental ly  fr the  vibration states v '  = 6 and 7, never- 

theless  they indicate  the qua l i t a t ive  course for  the energy 

dependency of the values k/v and kE/v,  
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The  veloci ty  constant k' describes the co l l i s ion  

exci ta t ion of the two (2P)-states of the H-atoms. The  level  

and 2p1l2 t o  25112 a r e  very small and 
3 / 2  

intervals  of 2P 

equal only low3 - viz ,  t i m e s  the  thermic energy. For col- 

l i s i o n s  w i t h  protons, the ef fec t ive  cross sect ions have al- 

ready been calculated.  The e f fec t ive  cross  sect ion is a 
14.) 

decreasing function of the r e l a t i v e  energy, For  %-molecules 

as co l l i s ion  partners no calculat ions have been made as yet ,  

A t  r o o m  temperature the impinging molecu1t;s a r e  not a l l  i n  t h e i r  

l o w s t  energy level. Moreover, they a re  found predominantly i n  

their first excited ro ta t ion  state. T h i s  ro ta t ion  amrgy can, 

however, not be changed i n t o  in te rna l  energy of the H-atoms. 

I n  co l l i s ion  w i t h  the H-atoms, i n  addition t o  the 2P-excitation, 

simultaneously a ro ta t iona l  exci ta t ion of t he  HZ-molerrules can 

occur. For co l l i s ions  w i t h  unexcited H-atoms the ef fec t ive  

cross sect ion fo r  rotat ion exci ta t ion of H have been calcula- 

ted, I n  the region of pa r t i c l e  ve loc i t ies  of 3 t o  

2 
15,) 

7 *10+5cm/sec the ef fec t ive  cross  sect ion increases rapidly 

14,) 
E. M. IWxell, Astrophys. J, 116, 457 1952 e - M. J. 

Seaton, Proc e 

15 m )  

R, J. W. Henry 

London 88, 611 

Phys.Soe. London A68, 457 

u. A ,  Dulgarno, Proc. Phys. Phys., SOC. 
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w i t h  increasing veloci ty  and assumes values up ta 7 

the  r ad ius  of the Bohr r b i t  f o r  n=2 is  four  times a s  large 

a s  for  the ground s t a t e ,  a correspondingly larger  e f fec t ive  

Cross sect ion for  ca l l i s ions  w i t h  H ( Z S ) - a  s is  expected, 

For the considered co l l i s ion  process comparative values axe 

available I F i t @  and coworkers have measured for H (2s) -atoms 

from a thermic veloci ty  d is t r ibu t ion  of 3000 K the effective 

cross sect ion of co l l i s ions  w i t h  H -molecules a t  room tempera- 

t u r e s  a t  70A . 
02  

of 95 A the r e s u l t  of the measurements under discussion 

here. For metastable H-atoms of 15 k e V  energy, S e l l i n  gives 

0 

2 

W e  compare th i s  value with a cross sect ion 
02 9, 

a cross 

without 

16 .) 02  sect ion of 10 A for  the same process. 

Col l is ions of metastable H-atoms w i t h  H w h i c h  occur a 
emission of LB have not as  ye t  been calculated or 

measured with cer ta inty,  

very recent ly  the par t ic ipat ion of excited H-atoms was required, 

W i t h  the H i  -formation, however, 
1 7  .) 

Under experimental conditions, because of the short length of 

life of the 2P-;atoms, t h e  par t ic ipat ion of metastable H-atoms 

w a s  assumed t o  be probdble, + 
Whether or  not i n  the H3 -formation 

16 , )  
I. A,  S e l l i n ,  Phys. Rev, 136, A 1245 

1 7  * )  
W, A ,  Chupka, &%,E, R u s s s l l  ‘ ~ l .  K Refaey, J, Chem, Phys. 
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atoms actual ly  par t ic ipa te  must  be checked a t  higher r e so lu -  

t i o n  powers. 

fec t ive  cross  sect ion for  the  formation.  of molecular ions  

from the co l l i s ion  of excited H-a toms with H2 is  said t o  be 

According t o  Chupka's f indings the possible ef- 

i n  the order of 10 $6 c m  and t o  be a decreasing function of the 

valoci ty  of the atoms ( Quenching experiments, 

w h i c h  might have given an indicat ion of t he  primary partners 

i n  the reaction t o  f o r m  H3-ions, took place without S U C C ~ S S ~  

FEOM our own experiments it w a s  concluded that the chemical 

ionization t o  H3 takes place $or the most pa r t  as the r e s u l t  

of ca l l i s ions  w i t h  excited molecules .I The estimated s m a l l  

I- 

2) 

I- 

part ic ipat ion of H-atoms i n  the react ion can be deceptive 

because of the applied high H2-pressure (up t o  0.6 T o r r ) ,  

s inca i n  the maxima of the  absoxption curve, t o t a l  absorption 

already e x i s t s ,  According t o  the r e s u l t  of our  measurements 

it is c l ea r  t h a t  the co l l i s ion  processes not  causing Lw- 

emissisn (9) is independent of the k ine t ic  energy of the H-atoms. 

W i t h  good exactness the effective cross sect ion as  a func t ion  

of the k ine t i c  energy has a constant value of 5 0 ~  It  is  02 

t hus  very much la rger  than it should s e e m  t o  be from Chupkas 

study. 
17 * )  

I n  th i s  connection for. the HJ from H* t he  

- .  
1 7 - )  

W. A.  Chupka, M, E. R u s s e l l  u. K, Refaey, J. Chem, Phgs. 

48, 1518 1968 . 



-38- 

intermediaty formation of an excited H3 molecule has been sug- 

gested w h i c h  changes through auto-ionization intra the in to  the 

ion Hg, 

t ion,  such eo l l i s ions  of the H-atoms are regarded as baing reach 

t ive ,  w h i c h  s t r i k e  the molecule v e r t i c a l l y  t o  the joining axis  

i n  arder t o  make possible t h e  stable t r iangular  configuration. 

From a consideration of khe potent ia l  curves for  this ,  a cri- 

t ical  approximation of the react ion partner is required a t  

1.3A, men the d i  arm5 col l i s ion  pr SI (9) leads t o  Hg, 

because of the large effect ive cross sect ion of 2 0 8  , a dif-  

+ 
Because of the high energy of the l inear  configura- 

0 4- 

02 

ference between end-on or side-on co l l i s ions  make l i t t l e  

seme.  Moreover, it t u r n s  out that  every co l l i s ion  is effec- 

t ive ,  

emission i n  weak electrical fields w i t h  a l i n e  w i d t h  of t h e  

exci t ing radiat ion of 0.2. &,we?? certaipT.y ought t o  be able t o  

answer t h i s  question unequivically. 

I n  a combined measurement of HS-formation and Ly - 

0 

About the r eac t ab i l i t y  of excited H-atoms l i t t l e  is  

known, Likewise, except for  the mentioned ones, no experimental 

or theore t ica l  r e s u l t s  about the energy dependency of ion 

mation on chemical ionization ex i s t ,  I n  various photo- 

chemical s ~ p e r i m e n t s ~ r e a c t i o n  between H (2P)-atoms and N2 and 
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18,) 19,) 

o w e r e  observed, Effective cross sections of the 

reactions are not  given, T h e  concentration of the H-atoms i n  

2 

these experiments is high so  tha t  a capture of the resonance 

radiat ion can take place, This resonance capture must be ne- 

cessary so t h a t  the react ions of the short-lived a t o m s  can be 

explained without d i f f i cu l ty .  O t h e r  measurements, especial ly  

w i t h  H(2S)-atoms, a r e  not known. 

Final  Statement  

T h e  measurements have shown t h a t  the metastable state 

of the H-atoms can be quenched very e f fec t ive ly  w i t h  hydrogen 

molecules. O n e  of the two quenching processes takes place 

without L Y ~  emission. T h i s  r e s u l t  is for  a l l  measurements of 

production rates of metastable H-atoms sf very great  impor- 

tance. With these H-atoms th i s  value is  obtained from quenoh- 

ing i n  the e l e c t r i c a l  f ie ld  and i n  t h e m  the free path distan- 

ces a re  s m a l l e r  or equal t o  the dimensions of the  container, 

The  production of metastable H-atoms by the specif ic  excita- 

t ion  of de f in i t e  H2-states, suggests a very in te res t ing  way of 

carrying out photo-chemical experiments w i t h  long-lived H-aiXmS 

18. ) 
I. Tanaka u.  5 ,  R. McNesby, J, Chem. Phys. 3 6 ,  3170 

- I. Koyano u I ,  Tanaka, J, Chem. Phys, 40, 895 

19,) 
T,  S .  Wauchop u1 L, F, P h i l l i p ,  J, Chem. Phys. 47, 
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af definable energy. The  investigation of co l l i s i an  deactiva- 

t i o n  w i t h  helium atoms as co l l i s ion  partners should produce, 

i n  addition, an ins ight  i n t o  the problem of the ro ta t iona l  

exc i ta t ion  of the H2-molecule, s ince the He-atom can take up 

no in t e rna l  energy from the co l l i s ion  process, Experiments 

of t h i s  type are being prepared, 
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